Abstract Chinese Tianshan tibico grains were collected from the rural area of Tianshan in Xinjiang province, China. Typical tibico grains are known to consist of polysaccharide matrix that embeds a variety of bacteria and yeasts. These grains are widely used in some rural regions to produce a beneficial sugary beverage that is slightly acidic and contains low level of alcohol. This work aimed to characterize the microbiota composition of Chinese Tianshan tibicos using the single molecule, real-time sequencing technology, which is advantageous in generating long reads. Our results revealed that the microbiota mainly comprised of the bacterial species of Lactobacillus hilgardii, Lactococcus raffinolactis, Leuconostoc mesenteroides, Zymomonas mobilis, together with a Guehomyces pullulans-dominating fungal community. The data generated in this work helps identify beneficial microbes in Chinese Tianshan tibico grains.
Introduction
Tibicos, also known as water kefir or sugary kefir, are very similar to milk kefir grains both in terms of structure and microbiological constitution (da Miguel et al., 2011) . The composition of tibico grains is mainly polysaccharide, primarily dextran, which is not associated with milk fermentation. A variety of microorganisms is residing within the exopolysaccharide biofilm matrix structure, which forms a complex stable symbiotic microbial consortium, including Lactobacillus, Acetobacter, yeasts, and many other members (Gulitz et al., 2011) . These small, translucent, and crystal-like microbe-embedding grains can produce a sugary beverage by utilizing and converting sugars present in the environment to produce low concentrations of alcohol, lactic acid, and carbon dioxide. The fermented beverage is straw-colored, carbonated, slightly acidic, and has a low level of alcohol. Tibicos are found worldwide; however, their compositions greatly varied between geographical locations due to climatic and regional differences.
In China, the tibicos are spontaneously fermented in brown sugary solutions. After incubation for 24 h, the tibico grains are removed by sieving and are reused in newly prepared sugary solutions. With each subsequent incubation, the size of the tibico grains increases slightly. The tibico fermented beverage is believed to exert healthpromoting effects, such as strengthening immunity, inhibiting tumors, reducing blood sugar and cholesterol, and improving intestinal microbiota. However, the microbiota composition of Chinese Tianshan tibicos and their beneficial effects have not been scientifically defined and confirmed.
Traditionally, the microbial diversity of tibico grains has been assessed by classical culturing methods using selective growth media (Vardjan et al., 2013) . However, due to the presence of a high proportion of uncultivable microorganisms, the resultant microbial profile determined based on culturing methods could be incomplete, especially for such complex ecosystem (Jany and Barbier, 2008) . Recently, culture independent methods, such as quantitative real-time PCR, ribosomal gene targeted 454-pyrosequencing, and single-cell amplification technique, have been proven to be powerful tools for describing the microbial compositions of fermented foods (Liu et al., 2015; Yao et al., 2017) .
Zero-mode waveguide (ZMW) technology is the heart of PacBio's DNA sequencing instrument. The ZMWs are 70 nm in diameter (100 nm in depth nanoholes) that are affixed with polymerase enzyme at the bottom. Thus, sequencing results can be acquired based on monitoring the DNA template-directed synthesis process by uninterruptedly incorporation of different fluorescently labelled nucleotides by the DNA polymerase (Eid et al., 2009 ). Such technology is advantageous in generating long reads and thus allows rapid and accurate identification of microbial taxa in a complex microbial ecosystem, including species that are difficult to culture or are present in low abundance.
The aim of our study was to assess the biodiversity within the complex microbial consortium of Chinese Tianshan tibicos by single-molecule, real-time (SMRT) sequencing technology. This is the first report studying the fungal and bacterial microbiota of Chinese Tianshan tibicos using SMRT sequencing technology approach; our data provide insights into the microbial composition of these natural products.
Materials and methods

Tibico grain samples
Chinese Tianshan tibicos used in this study were collected from rural area of Tianshan in Xinjiang province, China. The sample belonged to a local family that cultivated the tibico grains in private household for self-consumption. As soon as the sample was collected, it was stored at 4°C until further processing.
Total DNA extraction
Before DNA extraction, the tibico grains were washed twice with sterile water. The total DNA was extracted from samples using a modified CTAB method with glass bead to disrupt the cell walls (Lick et al., 1995) . The yield and quality of DNA were checked through agarose gel electrophoresis (1%) which was stained with nucleic acid dye (0.1%); and the OD 260/280 ratio was measured by spectrophotometry. All DNA samples were stored at -20°C for further analysis.
PCR amplification and SMRT sequencing
For the bacterial community analysis, the full-length 16S rRNA genes of the samples were amplified by polymerase chain reaction (PCR) for SMRT sequencing. The primer pair was 27F (5 0 -AGAGTTTGATCGTGGCTCA-3 0 ) and 1492R (5 0 -ACCTTGTTACGACTT-3 0 ) (Mosher et al., 2013) . For the fungal community analysis, the 18S rDNA and ITS region genes were amplified by the primer pair, NS1F (5 0 -GTAGTCATATGCTTGTCTC-3 0 ) and ITS4R (5 0 -TCCTCCGCTTATTGATATGC-3 0 ) (Chen et al., 2012) .
Thermocycling was conducted in a 2720 Thermal Cycler (AB Applied Biosystems, USA) under the following conditions: initial denaturation at 95°C for 5 min; 30 cycles of denaturation at 95°C for 1 min, annealing at 58°C for 1 min, and extension at 72°C for 2 min; and a final extension step at 72°C for 10 min. The quality of the amplified PCR products was checked by electrophoresis in 1% agarose gel. Products were quantified using an Agilent DNA 1000 Kit and an Agilent 2100 Bioanalyser (Agilent Technologies) according to the manufacturer's instructions. The quantified DNA products were sequenced using P6-C4 chemistry on a PacBio RS II instrument.
Data analysis
Raw data acquired from the PacBio RS SMRT chip were processed through Pacific Biosciences SMRT Portal (version 2.7) for length filtering and quality control. The parameters set to filter the sequences were performed as described previously . The bacterial taxonomy of each OTU representative sequence was assigned using the Ribosomal Database Project II database that classified at a minimum bootstrap threshold of 80% (Cole et al., 2007) . The fungal taxonomy used the UNITE database following Kõljalg et al. (2013) (https://unite.ut.ee/ repository.php). The Shannon-Wiener index, Simpson's diversity, Chao1, and rarefaction estimators were calculated to evaluate the alpha diversity.
Nucleotide sequence accession numbers
The sequence data reported in this study have been deposited in the MG-RAST database (accession no.: 4709272.3-4709273.3).
Results and discussion
A total of 2293 bacterial and 814 fungal high-quality reads were generated from the sample. All sequences were clustered with representative sequences, and a total of 291 bacterial and 67 fungal OTUs were obtained with a 97% sequence identity cut-off. For both bacteria and fungi, the Shannon curve but not Rarefaction curve reached the saturation phase, suggesting that although new phylotypes would be expected with an increase in sequencing depth, the majority of microbial phylotypes present in the sample had already been captured (Figs. 1, 2) . Sample OTU richness and diversity are listed in Table 1 .
Using the Ribosomal Database Project classifier, Firmicutes and Proteobacteria constituted the two most dominant bacterial phyla (contributing to 53.01% and 46.88% of the total sequences, respectively), whereas Bacteroidetes only comprised a low proportion (0.11%). At the genus level, the relative abundances of Gluconobacter, Lactobacillus, Lactococcus, Serratia, Leuconostoc, Ochrobactrum, Pseudomonas, and Zymomonas were found to be larger than 1% (Fig. 3A) . In particular, the genus Serratia of the Proteobacteria phylum was the most abundant genus (contributing to 36.99% of the total sequences). The second-most dominant bacterial genus was Leuconostoc (30.11%). In addition, a low proportion (all about 0.11%) of Alistipes, Gluconacetobacter, and Kluyvera was detected in the present study.
A total of 15 bacterial species were identified in the sample. Reads belonging to the species Lactobacillus hilgardii, Lactococcus raffinolactis, Leuconostoc mesenteroides, Ochrobactrum lupini, Pseudomonas fragi, and Zymomonas mobilis were detected (each comprised [ 1%) (Fig. 3B ). Among these detected bacteria, Leuconostoc mesenteroides was the most dominant member. This species is likely responsible for the production of dextran that forms the grains; when it grows in sucrose solution, it converts the sugar to dextrans (Rodina et al., 2015) . Furthermore, Leuconostoc mesenteroides strains have a wide spectrum of antifungal activity against Aspergillus fumigatus, Aspergillus niger, Penicillium roqueforti, and some other common spoilage fungi. Thus, Leuconostoc mesenteroides has the potential to become a biopreservative in food industry (Lee and Chang, 2016; Muhialdin et al., 2015) . also isolated a new phenyl lactic acid derivative and some known metabolites from the culture medium of Leuconostoc mesenteroides that showed high radical-scavenging activities, suggesting that this species could produce antioxidative compounds. Lactococcus raffinolactis was the second dominant bacterial species. This food-associated bacterium is present in a wide range of environments such as fish, plant, and many other materials (Hagi and Hoshino, 2009; Ikeda et al., 2005) . In the dairy environment, this species has not only been found in raw cow milk and camel milk, but also in natural dairy starter cultures, especially in different kinds of cheeses (Meslier et al., 2012; Terzic-Vidojevic et al., 2014) . Lactococcus raffinolactis does not only ferment a-galactosides such as melibiose and raffinose, but also has a high ability of degrading cholesterol (Boucher et al., 2003; Li et al., 2015) .
The other two minor bacterial species were Lactobacillus hilgardii and Zymomonas mobilis. Among them, Lactobacillus hilgardii is believed to be the primary exopolysaccharide producer (Davidovic et al., 2015) . The Zymomonas mobilis species is likely related to ethanol production; it showed a high performance in response to external stresses such as high ethanol concentration, high temperature, and harsh acidic fermentation conditions (Wang et al., 2016; Zhang et al., 2016) . In addition, Zymomonas mobilis has anti-leukemic activity, antitumor effects, and prebiotic activity (Einsfeldt et al., 2016; Lorenzetti et al., 2015; Yoon et al., 2004) . No Acetobacter was detected in this study, despite representatives of this genus have previously been isolated from other tibicos (Gulitz et al., 2011; Marsh et al., 2013) .
The dominant fungal sequence reads were distributed across the Basidiomycota and Ascomycota phyla. Basidiomycota was the predominating phylum, constituting 95.88% of the fungal population of the sample. Ascomycota (3.60%) and uncultured fungi (0.51%) were the minor fungal phyla. At the genus level, six fungal genera were identified, namely Guehomyces, Saccharomyces, Cladosporium, Mrakia, Pichia, and Rhodosporidium (Fig. 4A) . The most abundant genus was Guehomyces (67.57%), followed by Saccharomyces (3.09%), while the other four genera were present in low amounts (all about 0.13%). Unidentified fungi constituted 28.83% of all clean reads.
A total of six fungal species were identified (Fig. 4B ). An interest finding of the current work is the observation of the major fungal species, Guehomyces pullulans; its (B) Fig. 3 Relative abundances of bacteria identified in the tibicos sample at the genus (A) and species (B) levels presence in tibico samples is firstly reported by this study. This result is contrasting to some previous studies (Leite et al., 2012; Marsh et al., 2013) . The discrepancy may due to the regional difference between samples. The current sample was collected from a local household of Tianshan region, where the temperature is rather low annually. Such climatic difference may contribute to shaping the microbiota structure of fermented products. The psychrotolerant yeast Guehomyces pullulans has the potential to produce bgalactosidase at low temperature. Beta-galactosidase is an enzyme commonly used in both the food and chemical industries. It hydrolyzes lactose to glucose and galactose; thus, its presence may improve the suitability of the fermented products to lactose intolerant individuals (Nakagawa et al., 2006) . Saccharomyces cerevisiae was a minor fungal species within the tibicos microbiota. This species has previously been reported to be present in the tibico grains (da Miguel et al., 2011; Leite et al., 2012) . Beta-1,3-glucan is a major cell wall component of Saccharomyces cerevisiae that has a significant immune stimulatory effect (Shokri and Asadi, 2008) . The beta-glucan originated from Saccharomyces cerevisiae has shown potent antitumor properties (Ning et al., 2016) . The remaining 4 species together with the unclassified sequences made up \ 1% and 29.2% of the total fungal sequences, respectively.
The species Gluconacetobacter liquefaciens, Gluconobacter oxydans, Lactobacillus hilgardii, Lactobacillus paracasei, Leuconostoc mesenteroides, Leuconostoc pseudomesenteroides, Zymomonas mobilis, and Saccharomyces cerevisiae found in this study were also identified in tibico grains from other countries (da Miguel et al., 2011; Gulitz et al., 2011; . Theoretically, the difference in the microbiota composition of the tibico grains should not be too obvious even though their difference in geographical origin as long as a similar growth environment is provided. However, over time and under different environmental conditions, particularly different ways of domestic handling and cultivation, the microbiota within the grains might have evolved divergently. Such differences might further influence the fermentation properties and organoleptic characteristics of products. On the other hand, the differences in the microbial composition of tibico grains can also be a result of the different detection and identification techniques used (Gulitz et al., 2013; Leite et al., 2012) .
Traditional fermented foods are obtained of natural fermentations of complex microbial communities. However, the natural fermentation approach may risk the presence of pathogens. Thus, it is important to characterize the microbial consortium in the tibico beverages to ensure safe human consumption. Our results did not detect sequences from major food pathogens. Instead, many of the detected microorganisms are potentially beneficial to human health and confer desirable product features.
In conclusion, we have described the microbial profile of a Chinese Tianshan tibicos sample by SMRT sequencing technology. The dominant population was composed mainly of the species Leuconostoc mesenteroides, Lactococcus raffinolactis, and Guehomyces pullulans. Our work here is only a first step in characterizing the microbial members present in such kinds of samples; further studies are needed to connect the role of individual microbial members with the organoleptic characteristics, fermentation properties, and beneficial effects of this popular beverage.
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